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Abstract
Rapid mixing and spreading of supersonic jets are two important characteris-
tics in supersonic ejectors, noise reduction in jets and fuel mixing in supersonic
combustion. It helps in changing the acoustic and thermal signature in supersonic
exhaust. The supersonic nozzles in most cases result in compressible mixing layers.
The subsonic nozzles form incompressible mixing layers but at high Mach numbers
even they form compressible mixing layers. Compressible mixing layers have been
found to have much lower mixing and spreading rates than incompressible mixing
layer Birch & Eggers (1972).
In order to enhance the spreading and mixing of mixing layers from supersonic
nozzles various active and passive methods have been deviced. Active methods
include fluid injection, fluid lobes and plasma actuation. Passive methods are
mostly based on modifying the nozzle geometry such that the fluid expansion is
ideal or the shock cell is broken. Many nozzles with exotic shapes have been devel-
oped to obtain mixing enhancements in supersonic jets Gutmark et al. (1995). To
achieve enhanced mixing an innovative nozzle named as the Elliptic Sharp Tipped
Shallow (ESTS) lobed nozzle has been developed in L.H.S.R., I.I.Sc., IndiaRao &
Jagadeesh (2014). This nozzle has a unique geometry involving elliptical lobes and
sharp tips. These lobes are generated using a simple manufacturing process from
the throat to the exit. This lobed and sharp tipped structure introduces stream
wise vortices and azimuthal velocity components which must help in enhanced
mixing and spreading. The ESTS lobed nozzle has shown mixing enhancement
with 4 lobes. The spreading rate was found to be double of the reference conical
nozzle. This thesis is motivated by the need to investigate the flow physics in-
volved in the ESTS lobed nozzle. The effect of varying the number of lobes and
the design Mach number of the nozzle on the mixing and spreading characteristics
will be further discussed.
Visualisation studies have been performed. The schlieren and planar LASER
Mie scattering techniques have been used to probe the flow. Instantaneous images
were taken at axial planes with the reference conical and ESTS nozzles with three,
four, five and six lobes. The nozzles are for design Mach number 2.0 and 2.5.
The stagnation chamber pressure was maintained to obtain over expanded, ideally
expanded and under expanded flows. LASER scattering was obtained by seeding
the flow with water to observe the behaviour of the primary flow. The condensation
of moisture due to the cold primary flow mixing with the ambient air was exploited
to scatter laser and observe the flow structures in the mixing layer.
A comparison of the images of the reference conical nozzle and the ESTS lobed
nozzles shows changes in the mixing layers due to the ESTS lobed nozzles. The
image of the reference conical nozzle shows a distinct potential core and mixing
layers all along the length of the image. For the ESTS lobed nozzles this distinction
becomes unclear shortly after the nozzle exit. Thus mixing of the primary flow
and ambient air is seen to be enhanced in the case of all the ESTS lobed nozzles.
The flow in the case of the ESTS lobed nozzles if found to be highly non axis
symmetric. The starting process of the nozzles has been visualised using time
resolved schlieren. Image processing was performed on the nozzles to quantify the
spread rate. The shock structure of the nozzles has been studied and found to be
modified due to the lobed geometry. The level of convolution of the mixing layer
due to the lobed structure has been studied using fractal analysis. The four lobed
nozzle was found to have the highest spread rate and th most convoluted shear
layer. Hence this nozzle was further studied using background oriented schlieren
and particle image velocimetry to quantify the flow field. These experimental
results have been compared with CFD simulations using the commercial software
CFX5. The computations and experiments don’t match accurately but the trends
match. This allows for simulations to be used as a good first approximation. The
acoustic properties of a jet are dependent on the flow structure behaviour. The
ESTS lobes have been found to change the flow structure. Hence the ESTS lobed
nozzle was predicted to change the acoustic signature of the flow. The acoustic
measurements of the flow were carried out at National Aerospace Laboratories,
Bengaluru. The screech of the overexpanded flow was seen to be eliminated and
the overall sound levels were found to have been reduced in all cases. Thus the
lobed nozzle was found to have acoustic benefits over the reference conical nozzle.
iv
Thus the ESTS lobed nozzle has been studied and compared with the conical
nozzle using several methods. The changes due to the lobed structure have been
studied quantitatively. Future studies would focus on the change in thrust due
to the lobed structure. Also new geometries have been proposed inspired by the
current design but with possible thrust benefits or manufacturing benefits.
v
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CHAPTER 1
Introduction
This chapter begins with an introduction to the fascinating world of nozzles.
The diversity of nozzle research and the applications of nozzles in various fields
are presented. The reasons for the use of nozzles as an important and desirable
device even today are presented. Thereupon, the need for enhancement of mixing
of flows from nozzles that has made it a hot topic of investigation are pointed out.
1.1 Flow Energy
A flowing stream of fluid contains kinetic and potential energy. This energy is
converted through various devices to achieve different objectives. This conversion
can be achieved most commonly through three means
1. Varying cross sectional area
2. Energy change through heat exchange, combustion and other means
3. Wall friction
One such device is called the nozzle. A nozzle reduces the pressure of a fluid
to increase the kinetic energy. This is achieved by varying the cross sectional
area of the flow. In a steady mass flow, incompressible system it is shown that a
nozzle reduces the enthalpy of the fluid and increases its velocity with the following
relation.
v2 − v1 =
√
(2(h2 − h1))
And enthalpy is related to pressure as
h = u+ Pv
Introduction
A nozzle can have decreasing or increasing cross sections or both. In the follow-
ing Figure 1.1 a general duct with decreasing and then increasing cross sections is
shown.
Figure 1.1: An illustration of a general varying area duct
Using a control volume analysis assuming adiabatic flow it can be shown that
the variation in area is related to velocity and hence kinetic energy as
dA
A
= (M2 − 1)dv
v
When M < 1 or for subsonic inlet flow velocity, as flow area decreases the
pressure decreases and velocity increases. Hence for subsonic flow a convergent
passage, as shown in Figure 1.2, becomes a nozzle. If the inlet flow is subsonic and
passage divergent then the flow decelerates.
When M > 1 or for supersonic inlet flow velocity, as flow area increases the
pressure decreases and velocity increases. Hence for supersonic flow a divergent
passage as shown in Figure 1.3 becomes a nozzle.If on the other hand the inlet
flow is supersonic and passage convergent the flow decelerates.
In order to obtain supersonic flow from a reservoir of static fluid
2
Flow Energy
Figure 1.2: A convergent duct with subsonic flow at inlet
Figure 1.3: A convergent duct with subsonic flow at inlet
3
Introduction
Thus nozzles accelerate fluid streams. They are used in applications such as
garden sprinklers, fire-hoses, wind tunnels, steam turbines and aircraft engines. To
operate nozzles a pressure drop is maintained across them. Assuming a constant
pressure (P0) in a reservoir from which fluid is supplied, the back pressure (PB) at
the nozzle exit is varied. The operation of the nozzles at varying back pressures is
explained for two types of applicable area variations as follows.
1.2 Convergent Nozzle
A convergent nozzle and the pressure variation inside the nozzle due to reducing
back pressure is shown in the Figure 1.4 below. The back pressure variation is
Po > Pa > Pb > Pc, the Mach number increases from entry to exit for every
PB and mass flux increases from Pa to Pc. At Pc the Mach number M = 1 or
flow is sonic at the exit. Further lowering of back pressure causes no changes to
the flow inside the nozzle because the flow downstream becomes supersonic and
pressure changes are not communicated upstream. This is the choked condition
of the nozzle because the mass flux does not increase anymore due to decrease in
PB. If the PB is reduced further the flow after nozzle exit becomes supersonic and
equalizes with the ambient pressure through a series of expansion waves.
In order to obtain supersonic flow at a nozzle exit from a reservoir of static fluid
it has to be passed first through a convergent duct. This is to accelerate it to
sonic conditions. This sonic flow is then accelerated in a diverging duct to achieve
supersonic conditions.
1.3 Convergent Divergent nozzle
In a convergent divergent nozzle the flow is subsonic throughout until the back
pressure reduces to the point where flow becomes sonic at the throat. This cor-
responds to curve a. At Pb when flow becomes sonic at the throat the nozzle is
allowing maximum mass flux for the given P0 and throat area. Thus the nozzle is
choked and further reduction in Pb does not produce changes in the flow upstream
of the throat. Below Pb for a range of back pressures the flow is supersonic in the
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Figure 1.4: Pressure and Mach number variation for a convergent nozzle
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divergent section and the flow adjusts to the back pressure through a normal shock
beyond which the flow is subsonic. This happens down to Pd when the shock is ex-
actly at the nozzle exit. The flow all along the divergent section is supersonic and
remains so for further reduction in back pressure. For further reduction in back
pressure the flow adjusts to the exit conditions through oblique shocks down to Pf
when there are no shocks in the flow. Below Pf the flow adjusts to the exit con-
ditions through expansion fans. Above Pf the flow is called over-expanded, at Pf
the flow is called ideally expanded and below Pf the flow is called under-expanded.
These conditions are graphically shown in Figure 1.5
1.4 Jet Edge And Mixing Layers
In the Figure 1.5 the edge of the flow exiting the nozzle is shown. It is important
to be able to find the edge of the jet. Landau (1944) and Squire (1951) obtained
a similar solution for incompressible axisymmetric jets of the Navier-Stokes Equa-
tions in spherical coordinates. From the streamlines thus obtained the edge of the
free jet was defined as the position where each diverging streamline is closest to
the axis. Using the locus of these points the edge of the jet was found to be a cone.
The cone has a semi opening angle θ. It was also found that the semi opening
angle decreases as momentum flux increases. In the flow direction along the jet
axis, volume flux increases linearly, away from the nozzle exit. Due to viscosity
the surrounding fluid at rest is carried along at the jet edge. This entrainment
widens the jet. Another definition of the jet edge comes from the half value width.
This is the distance of the points where velocity is half the maximum velocity.
Axisymmetric jets in compressible flow regimes were first studied analytically
among others by Krzywoblocki (1949) and Pack (1954). They studied the com-
pressible subsonic regime where, density is larger and temperature lower on the
axis than at the jet edge. All these jets were high Reynolds number flows and
turbulent.
Turbulent flows have motion characterized with high irregularity, randomness
and fluctuation. When such motion is superimposed on the regular axial flow of a
6
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Figure 1.5: Pressure and jet edge variation in a CD nozzle for various
back pressures
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nozzle it leads to stronger mixing along the perpendicular to the flow direction.
Mixing layers between two parallel streams with different velocities have been
solved analytically and the results show that entrainment of fluid occurs from
both streams. Jet boundaries have been modelled as a special case of the mixing
layer. For a jet the condition that the ambient fluid is static is imposed. From
this it is derived that entrainment occurs only from the fluid at rest. For large
temperature differences, physical fluid properties would be temperature dependent
as in the case of compressible mixing layers. This was studied by Birch & Eggers
(1972). Sarkar & Lakshmanan (1991) suggested relevant model changes for these
conditions to make the calculations more accurate.
The mixing layer that is developed between the supersonic primary jet and the
entrained secondary flow is a very crucial aspect in many applications. This is
a compressible mixing layer and studies have shown that its dynamics is affected
by compressibility. It has been found that compressibility reduces the spreading
or growth rate of compressible mixing layers and hence the rate of mixing also
reduces. This has an implication on the length required for mixing, which be-
comes longer. However, engineering devices that make use of this phenomenon,
the supersonic ejector for example, require that mixing be rapid so that it can be
made as compact as possible. SCRAMJET engine is another flow scenario where
this fact adversely affects the design requirements. Hence, efforts are on to use
novel mechanisms to increase the rate of mixing in such flows. One among many
different methods is the introduction of streamwise vortices through the use of
exotic supersonic nozzle geometry. However, efforts to improve mixing invariably
decrease the stagnation pressure of the primary flow both by the introduction of
vorticity as well as by altering the shock structure of the supersonic jet. Thus,
the problem of mixing enhancement is an optimization between two contradictory
objectives, enhancement of mixing and reduction of stagnation pressure loss. A
lobed supersonic nozzle is a method to enhance the rate of mixing significantly.
Adapted to the cylindrical geometry they are also called as radially lobed or petal
nozzles, which have been described in Narayanan & Damodaran (1994) and Srikr-
ishnan et al. (1996). Both the enhancement of entrainment and loss in stagnation
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pressure ratio have been studied. A significant improvement of entrainment and
mixing have been observed, a maximum of 7 times the reference case. However,
the loss in stagnation pressure reported is significant. The reason for such a drop
in stagnation pressure of the primary flow is because of the obstruction caused
to the primary flow by the petals or lobes. Another aspect is the complexity of
the radial lobed nozzle design that makes fabrication rather difficult. The key is
to reduce the obstruction offered to the primary flow at the same time generate
sufficient streamwise vortices to enhance entrainment and mixing. Here, a novel
technique has been devised to generate an exotically shaped lobed nozzle, with
minimum fabrication efforts compared to the petal nozzle. It is named as the
Elliptic Sharp Tipped Shallow (ESTS) lobed nozzle.
The experimental programme carried out as a part of this work has thrown up
some interesting observations that can be used as a means of mixing enhancement.
Laser scattering images at mid-plane are taken, particle image velocimetry and
background oriented schlieren have been performed to quantitatively understand
the flowfield, computations have been performed to match the experiments against
the commercially available codes and acoustic studies have been done to probe the
effects of mixing on sound levels of the nozzles. Also a fractal analysis has been
performed to quantify the level of convolution and thereby the turbulence level of
the mixing layers.
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CHAPTER 2
Literature Review, Motivation and
Objectives
This chapter provides a glimpse into the vast amounts of research done in the
field of nozzles in general and supersonic nozzles in particular. Research done
in the other fields required to be studied in order to successfully perform studies
on supersonic nozzles have also been included in this chapter. These other fields
include visualization of flows through schlieren, laser scattering, image processing,
fractals and acoustics.
2.1 Shear layers
The behavior of mixing layers has significant implications for the understanding
of compressible turbulent flows. It has been widely observed that the growth
rate of mixing layers dramatically decreases with increasing Mach number. The
Langley curve presented by Birch & Eggers (1972) indicates the growth rate of
mixing layers as a function of Mach number. It indicates that the growth rate of
a mixing layer at Mach 3 is reduced by a factor of three when compared to its
incompressible growth rate. At Mach 8 this reduction is by more than a factor of
five. The significance of this can be seen for example in hypersonic aircraft where
combustion might need to occur at supersonic speeds i.e. SCRAMJET. In this
engine the fuel oxidizer mixing and combustion must happen within the length of
the engine to obtain thrust. Hence there is very little time for the process to be
completed with currently available mixing techniques. Bell & Mehta (1990) show
that initial conditions can have an effect on the development of mixing layers.
However the reduced growth rate of compressible mixing layers needs to be better
understood.
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An important effect of compressibility is to introduce temperature gradients so
that density and viscosity vary across the layer. In mixing layers density variations
and Mach number variations are both important. Brown & Roshko (1974) observed
that changing density ratio across a subsonic mixing layer by a factor of seven
reduced the growth rate by thirty percent. On the other hand for a high speed
mixing layer with similar density ratios the growth rate reduces to a quarter of
the incompressible value. The work of Brown & Roshko (1974) identified large
scale structures in turbulent mixing layers through shadowgraph images of the
flow. Papamoschou & Roshko (1988), used the schlieren technique to further
investigate the compressible turbulent mixing layer. They defined as a parameter
the convective Mach number. This characterizes the compressibility effect on the
mixing layer. It was found that higher the convective Mach numbers lower the
growth rate of the mixing layer and hence lower the mixing. Clemens & Mungal
(1995) studied the large scale structures of the compressible mixing layer. They
used the laser scattering technique for their study. A rectangular geometry was
used in these studies to fundamentally understand the compressible mixing layer.
Flow visualization is easier on rectangular geometries. A clear visual of the flow
enabled good qualitative inferences on the flow field.
The mixing layer growth rate can be augmented by introducing vorticity in the
flow. The analysis of Hussaini et al. (1985) shows that sudden introduction of
a vortex in a supersonic flow causes a bow shock formation. The curved shock
introduces vorticity that reverses the sign of vorticity in one half of the vortex
and increases the strength of the other half. But this bow shock would greatly
reduce the total pressure of the flow. Hence other techniques to improve mixing
are needed.
2.2 Modification to Nozzle Geometry
Tillman et al. (1992) introduced the concept of lobed nozzles to enhance the rate
of mixing in a supersonic ejector of rectangular geometry. This nozzle design was
used for introducing streamwise vortices from the lobes. An enhancement of 75%
of the pumping rate was observed. Gutmark et al. (1995) reviewed in detail vari-
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ous mixing enhancement techniques that have been considered for supersonic free
shear layers. The concept of Tillman et al. (1992) was extended to circular geom-
etry known as radial lobes by Narayanan & Damodaran (1994); Srikrishnan et al.
(1996). Experiments were conducted using the radial lobed nozzle not only to
measure enhancement of mixing rate but also to measure the stagnation pressure
loss. It was found that though mixing rate increased significantly, it produced sig-
nificant stagnation pressure loss. Opgenorth et al. (2012) studied different number
of radial lobes and found that a perimeter ratio of 1.2 between the lobed nozzle
and the reference round nozzle seemed optimal. Zare-Behtash et al. (2011) in-
vestigated different shaped nozzles including an exotic nozzle for application to
thrust augmentation in Pulse Detonation Engines. The results were mixed, for
some conditions non-circular nozzles gave better performance while for others cir-
cular nozzles seemed to show good performance. Gilinsky & Seiner (1996) have
studied several modifications to supersonic nozzle geometries with the objective of
acoustic and thrust improvements. The best of these have shown a 4dB acoustic
benefit and a thrust augmentation of 1%. One of these nozzle geometries appears
very similar to the ESTS lobed nozzle. However the method to obtain the profile
is different and although similar in appearance the profile has various differences.
2.3 Visualisation
Schlieren and shadowgraphy are important tools for visualizing supersonic flow.
The main disadvantage is the spatial integration which makes it difficult to obtain
turbulence information. Merzkirch (1988) gives detailed descriptions on these and
other visualization techniques.Smith & Smits (1988) adapted the schlieren tech-
nique to study turbulence on flat plates to obtain convective velocity of features
with strong density gradients. Focusing schlieren by Weinstein (1993) avoids some
integration effects. However the current flow conditions being three dimensional
these techniques are suited only as a qualitative tool to conduct preliminary stud-
ies.
In the non axis symmetric cases planar laser Mie scattering is more useful than
Schlieren. Thurow et al. (2000) used the vapour screen method using the moisture
13
Literature Review, Motivation and Objectives
Figure 2.1: Schlieren image of a Mach 2.3 ESTS lobed nozzle jet. Flow
is right to left
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in ambient air to obtain movies of the evolution of large scale structures in a Mach
1.3 jet.
Figure 2.2: Planar laser Mie scattering image of an ESTS 3 lobed nozzle.
Flow is right to left
The ESTS lobed nozzle at any azimuthal location is essentially a conical nozzle
of same area ratio from axis to nozzle edge. Hence the conical and ESTS lobed
nozzles have similar looking jet flow features if we consider only the half plane
from the axis to the jet edge. The flow features of conical nozzle supersonic
jets especially the presence of shock cells, mach disc, reflected shock, the mixing
layer, jet boundary and potential core are shown in 2.3. However the asymmetry
across the axis and also the influence of flow along adjacent azimuthal planes with
different throat to exit area ratios, results in differences between the conical nozzle
jet and ESTS lobed nozzle jet. Schematic of the flow features of ESTS 3 Lobed
nozzle is shown in 2.4. The features of the ESTS lobed nozzle jets with different
numbers of lobes and different design Mach numbers are discussed in detail in
section 4.2 preliminary laser scattering results.
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Figure 2.3: Schematic of the flow features of over expanded conical noz-
zles
Figure 2.4: Schematic of the flow features of ESTS 3 Lobed nozzle
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As the ESTS lobed nozzle is constructed with multiple half ellipses with the
minor axes arranged along the circumference of a circle it should exhibit features
of an elliptic nozzle. Axis switching is a prominent feature of elliptic nozzles. Axis
switching has been explained Hussain & Husain (1989) to be the result of azimuthal
vorticity dynamics of the elliptic jet resulting in non uniform induced velocity with
one component directed so as to turn the azimuthally oriented vortex ring of the jet
about the axis. Axis switching is also observed in rectangular jets. For high aspect
ratio nozzles like the elliptic and rectangular, the skewed shape and only two points
being similar about a single axis makes it a neutrally stable system and the balance
of the vortices can be destabilised by a small perturbation in either clockwise or
anticlokcwise direction. There is no fixed direction to this. The axis switching
can happen clockwise or anticlockwise based on the perturbation. However for
the ESTS lobed nozzle the phenomenon of axis switching has not been observed
along the jet axis even at seven times the nozzle exit plane diameter. The ESTS
lobed nozzles have a less skewed shape and similarity on at least three azimuthal
locations. This could be a stable system or a larger perturbation might be needed
to induce axis switching in these nozzles.
Particle Imaging Velocimetry has become a standard tool for studying low speed
flows. PIV provides information in two and even three dimensions simultaneously.
It also provides measurements on velocity gradients and vorticity. It is restricted
by particle response times and seeding difficulties. Among the first studies on
supersonic jets was conducted by Lou et al. (2003).
2.4 Edge Detection
There are four common edge detection methods. They are Canny, Sobel, Prewitt
and Roberts. MATLAB has these methods available as built in functions. Among
other steps involved in their algorithm, these methods make use of the Gaussian
filter as a means to reduce noise. One disadvantage of this filter particular to the
current case is the smoothening of edges. This can be controlled using an input
parameter. But that control is case specific and needs to be done for every image.
Prasad & Sreenivasan (1989) have discussed the ways in which a proper threshold
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can be identified in a digital image of a scalar interface. A similar approach has
been adopted to perform edge detection in this work.
2.5 Acoustics
Waves and sound have been studied since ancient times with one of the earliest
mentions by Aristotle. The speed of sound was first measured in the 1600s. Isaac
Newton was among the first to study sound propagation mathematically. However
jet noise is a relatively new topic formally presented first in 1952. The noise from
subsonic jets has been studied for much longer than supersonic jets. Tam (1998)
extensively reviews these subsonic jet noise studies. However the noise mechanisms
and characteristics of supersonic jets which were advanced almost 30 years after
subsonic jets are much better understood. The problem of supersonic jet noise
has been investigated very extensively. An extensive review on supersonic jet
noise and its various components has been done in Tam (1995). Powell (1953)
describes the early efforts to formulate a theory of screech noise from a choked jet
Raman (1999) describe the various experimental, analytical and computational
efforts to formulate a theory of jet noise generation. The published literature
broadly pertains to either two dimensional or axisymmetric jets. Vishwanathan
(2004) studied cold and heated jet aeroacoustics. All these issue from converging
or converging-diverging nozzles.
2.6 Fractals
Classical geometry or Euclidian geometry is found to be inadequate to completely
describe the complex surfaces of a jet mixing layer. Mandelbrot (1983) has devel-
oped a framework to describe the geometry of such complex shapes. Sreenivasan
& Meneveau (1986) have shown the fractal like nature of several facets of turbu-
lence and measured the corresponding fractal dimensions. Prasad & Sreenivasan
(1990) provide the physical interpretation of such measurements. Jaw & Chen
(1990) tried to incorporate fractal dynamics into turbulence modelling by adopt-
ing the intermittency model, presented by Frisch et al. (1978). Relationships were
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obtained for inertial range quantities namely eddy turnover time, turbulent kinetic
energy and velocity difference over characteristic eddy length scales of intermittent
scales.
2.7 Motivation
• The complex gasdynamic flow from a supersonic nozzle has not been under-
stood fully.
• The mixing process in the shear layer is important and needs to be quantified.
Its behavior with geometric and operating parameters have to be ascertained.
• Detailed experiments on the mixed regime of supersonic lobed nozzle oper-
ation have to be conducted.
• Quantitative flow visualization tools have not been extensively applied to
study the flow through a supersonic ESTS lobed nozzles.
• Novel techniques to enhance mixing and thereby increase the performance
of the nozzle need to be explored.
2.8 Objectives
• To modify a supersonic ejector test facility for experimental studies on su-
personic nozzles.
• Develop quantitative flow visualization techniques to determine the mixing
characteristics.
• Conduct experimental studies on various configurations of the ESTS lobed
nozzle to optimise the mixing characteristics
• Conduct acoustic experimental studies on the ESTS lobed nozzle to deter-
mine the acoustic benefits and drawbacks of the lobed structure in compar-
ison with conical nozzles.
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• Perform fractal analysis to determine the level of convolution of turbulence
in the mixing layers due to ESTS lobed nozzles
• Use CFD tools to conduct representative numerical computations to supple-
ment the experimental results.
With the above objectives, the current work has spanned, design, development
and experimental investigations on various ESTS lobed nozzle configurations. A
supersonic ejector test rig established in the laboratory was modified to conduc
free jet experiments. Laser scattering flow visualization technique, in which image
processing algorithms developed in house are used to determine the spread rate
of the mixing layer, are developed. Experimental investigations are carried out on
ESTS lobed nozzle to understand the flow using the optical diagnostic tools, with
the primary supersonic flow and the secondary subsonic flow being air. The details
of these efforts and the inferences from the results are the body of this work.
2.9 Organisation of the Thesis
This thesis is organized into seven chapters. The details of each chapter are as
follows.
Chapter 1 Overview of the nozzle. Diversity of nozzle research and it applications.
Chapter 2 Review of literature on the various aspects of nozzle research. The back-
ground work on techniques used to study the flows in this study have been
enumerated.
Chapter 3 The experimental facilities used to perform the studies have been explained.
Chapter 4 This chapter details the various visualization studies performed. Schlieren,
planar laser Mie scattering and the experimental conditions are explained.
The algorithm to detect the edges of the flow images and results obtained
are given.
Chapter 5 Fractal analysis performed to determine the turbulence characteristcs are
explained in this chapter.
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Chapter 6 The computational studies performed to complement the experiments are
explained and detailed in this chapter.
Chapter 7 The acoustic studies performed to find the influence of lobed structures on
the acoustic characteristics of supersonic flow are detailed in this chapter.
Chapter 8 Important conclusions from the current work and scope for future work.
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Test Facilities
This chapter enumerates the facilities and their details used to study the super-
sonic nozzles in the current work. The facilities already available, the modifications
made etc. have been discussed in detail in the following chapter.
3.1 Free Jet Facility
A module called Variable Frequency Drives is used to reduce power consumption
and also to control the recurrent load-unload cycle of the air compressor. Air is
compressed by a screw compressor. It is rated at 22 HP and provides a volume flow
rate 0.0448 m3/s with 12.5 bar as maximum operating pressure. After compression
the air is passed through an oil filter. The filtered air is dried in a dryer to
remove excessive moisture present in it. The compressed filtered and dried air
is stored in three receivers with a total 7 m3 volume. These air receivers have a
maximum working pressure of 11 bar. A 2 inch pipeline is used to draw the air
from the receivers. A simple gate valve is used to feed the air in to the pressure
regulator. A pressure regulator is used to set an operating pressure of 3 to 10
bar. A pneumatic rotary actuator is used to start the tunnel using a simple hand
operated switch. A long chamber of 200 mm diameter is used as a stagnation
chamber and the stagnation pressure of the primary flow is measured. At the end
of the stagnation chamber, the nozzles of interest can be mounted by means of
the threaded arrangement on the end pipe. This arrangement shown in Figure 3.1
was used to operate the free jet facility and conduct visualizations of the free jet
flow fields of conical and ESTS lobed nozzles.
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Figure 3.1: Schematic of free jet facility
3.2 Modifications to the Facility
The free jet facility is housed in a 60m3 plywood and screws enclosure. The mass
flow to be handled in the current study is of the order 0.1 kg/s. Since the enclosure
is made of plywood the integrity of the structure was to be ensured for the given
conditions. Using a real gas equation of state for air the rate of pressure change
in the enclosure was determined to be 146 Pa. Assuming the enclosure to be a
thin cylinder made of 10mm thickness plywood the hoop stress in the walls of the
enclosure was found to be 37 KPa. The yield strength of plywood is 13MPa. Hence
the walls are safe. However due to the dynamic mass flow process the walls were
buffeting. This was not safe as the screws holding the plywood together would get
damaged in the long run. Hence the roof of the facility was provided with doors
that can be opened up to allow the air to escape freely.
Another modification made was to add an adaptor with 3◦ gradations that would
hold the nozzle. The nozzles which have a three dimensional flow field can now
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be rotated in 3◦ increments and the azimuthal variation of the three dimensional
flow field can be studied. The nozzles have 1 mm threaded screws that can be
tightened to prevent relative motion between the nozzle and holder when the flow
is started.
3.3 Schlieren Visualisation
Schlieren refers optical inhomogeneities in transparent media like air. In high speed
flow these inhomogeneities are due to the density jumps across discontinuities like
shock wave. Local changes in densities cause optical path length differences which
refract light from its parallel counterparts. Diagram of a simple Z-type Schlieren
setup is shown below in Figure 3.2,
Figure 3.2: Z-type schlieren schematic, Settles (2001)
The intensity levels in a Schlieren image can be directly correlated to the first
derivative of refractive index in the medium, Settles (2001).
The Z-type Schlieren system consists of a light source, two concave mirrors,
a knife edge and a camera. Divergent light cone from the point source reflects
off the first concave mirror which is made parallel. This parallel light beam is
25
Test Facilities
then directed towards the test section. The light coming out of the test section is
made to fall on the second concave mirror making it convergent light beam. This
convergent light beam is cut at the focus by using a knife edge and the image is
finally captured by the high speed camera. Two plane mirrors are used on either
sides of the setup in folding the light beams due to space constraints. Details
about each component is given below,
1. Light source
A 3 Watt halogen lamp was used as the light source. It was placed inside
a lamp holder with a pin hole at its end. A small arrangement was provided
which allows the pin hole open at different diameters depending on the level
of illumination required.
2. Mirrors
All the mirrors used were of optically high quality with surface finish of
λ/4.
3. Concave mirrors
Two concave mirrors each having a focal length of 3 m and diameter 203
mm were used.
4. Plane mirrors
2 Plane mirrors each having a diameter of 150 mm were used.
5. Knife edge
Used to bias the density gradients to see the flow patterns clearly. Knife
edge kept vertical reveals horizontal gradient and vice versa.
6. Camera
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Phantom V-310 was used as the high speed camera for all Schlieren visu-
alizations. It had a maximum frame rate of 500000 fps at a screen resolution
of 128 x 8 pixels. The exposure can be set to as little as 1 µs.
For all the experiments, knife edge was kept vertical to see the horizontal gra-
dients in the flow. The imaging was acquired at 10,000 frames per second with a
spatial resolution of 640 x 480 pixels. The lowest exposure of 1 µs did not allow
sufficient light intensity in a frame. The exposure was hence set to 2 µs to capture
the flow features with least possible temporal resolution. However at this rate the
light source evidenced flickering due to a fault in the circuit and hence not all
frames are exposed. At these conditions the square pixel side length had a value
of 250 µm.
3.4 Elliptic Sharp Tipped Shallow (ESTS) Lobed Supersonic
Nozzle
The ESTS lobed nozzle can be manufactured by the simple process of drilling to
obtain the lobed and sharp tipped structure. The throat was drilled first and then
by offsetting and tilting another suitable drill bit the elliptic lobes were drilled. The
conical nozzle was designed with a particular throat diameter for a particular exit
Mach number. The ESTS lobed nozzle was designed such that the total exit area
remained the same as that of the conical nozzle. Thus according to isentropic area
relations the average exit design Mach number was the same. The manufactured
three lobed, four lobed, five lobed and conical nozzle are shown in the Figure 3.3.
The experiments were conducted on nozzles with different numbers of lobes
designed for various Mach numbers at stagnation pressures of 6 bar. Thus the jets
of the nozzles for design Mach number 2.3 and 2.5 were over expanded while the
jets of the nozzles for design Mach number 2 were nearly ideally expanded. The
flow fields of these jets were visualized using particle scattering of laser which is
explained in the following section. The mass flow rate from the nozzles is of the
order of 0.1 kg/s. The Reynolds number of the flow is of the order 5 ∗ 105 with
respect to throat conditions.
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Figure 3.3: The manufactured lobed nozzles
Figure 3.4: The crest and tip plane nomenclature for visualisation studies
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3.5 Background Oriented Schlieren (BOS) Test Setup
The free jet facility was modified to perform BOS as shown in Figure 3.4. In order
to obtain images a dynamic Schlieren light source (PAL Flash 501) was used for
illumination. It produced a light pulse of 750 ns pulse width. A Phantom v310
camera was used to capture images of the background. A Nikon 400 mm lens was
used as the imaging optics. A dot pattern of 2400 dpi resolution was used for the
study. The imaged area was 200 x 200 mm. Phantom PCC software was used to
acquire and IDT proVISION R software was used to postprocess the images to get
the density gradient field. The nozzle was kept at a distance of 3 m from the camera
and 90 mm from the background to get maximum sensitivity. In order to reduce
the noise generated from the density gradients in the ambient the room was kept
well ventilated. The flow was started and an image was acquired by synchronously
operating the camera and the light source. The synchronization was done using
a pulse from a Stanford DG 535 signal generator which simultaneously triggered
the light source and the camera. The camera was operated at a frame rate of 3200
fps and an exposure of 490 µs. The long exposure ensured that the light pulse
from the PAL flash was captured by the first frame of the camera. Each image
thus acquired had an effective exposure of less than 1 µs. A total of 8 images
were acquired at each position to obtain an average image which was used in the
tomographic reconstruction. The nozzle was rotated on its axis to obtain images
at 9◦ intervals. The reconstruction is explained ingreater detail in section 6.3
3.6 Planar Laser Mie Scattering (PLMS) Visualisation
The flow field from the exit of the nozzle was illuminated using a laser sheet. The
scattering of this laser sheet by particles in the flow helps in clear visualization of
the flow structures. When the flow is supersonic, shock patterns can be observed
using this scattering phenomenon. Also effects like vapor deposition or product
formation at the jet and ambient interface can be exploited by particle scattering.
Thereby the mixing layer development of the free jet can be studied. The primary
flow alone was seeded with particles in these free jet studies, to visualize the jet
extents before it mixed with the ambient. The scattering of light by the parti-
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Figure 3.5: BOS setup
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cles similar to or larger in size than the wavelength of the incident light is Mie
scattering.
For scattering experiments to visualize the primary jet flow, particles were gen-
erated using a device called modified Laskin generator. It consists of a chamber
in which the material of the particles is stored. Sunflower oil was used to gener-
ate particles for this visualization. Sunflower oil was poured into the chamber to
submerge the ends of hollow struts hung in the chamber. The ends of these struts
have fine holes drilled into their sides. These holes create very small severely under
expanded air jets, when appropriately compressed air is passed through them. The
air pulverizes the oil to produce particles which were seeded in the flow.
Pressure difference of 2 bar was maintained between the seeder unit and main
flow in order to seed the particles into the main flow. The particles thus generated
were observed through a Phase Doppler Particle Analyzer (PDPA) to measure
their size. The particle sizes were found to be smaller than 1 micrometre. These
particles were used to visualize the internal flow features of the primary flow.
The images of the mixing layers are obtained by scattering of the laser by mois-
ture. The low temperature primary flow coming in contact with the moist ambient
air results in the condensation of moisture. This condensed moisture present in
the mixing layer scatters incident light.
The particles thus present in the flow field are illuminated by an Nd-YAG laser.
The laser was of 532 nm wavelength and had an energy output of 24 mJ. It
was pulsed at a frequency of 10 Hz with a pulse width of 7 nanoseconds. The
circular laser beam passed through a series of optics to produce a laser sheet
of approximately 1 mm thickness. This sheet illuminated the flow field which
was photographed by a high speed camera (Phantom Miro 110) of 1 megapixels
(1280 X 800). The laser sheet was positioned vertically along the nozzle axis and
the camera was placed normal to the sheet, in order to obtain the axial images.
Whereas the transverse section images were obtained by placing the laser sheet at
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the appropriate location on the nozzle axis and transverse to the axis. The camera
was placed facing the sheet at about 30 to the nozzle axis.
The experimental procedure followed involved operating the tunnel for a total of
about 3 seconds. The pressure in the stagnation chamber was allowed to stabilize
for about a second and then the camera and laser were triggered. The laser sheet
lasting 7 nanoseconds was scattered by the particles. During this period the camera
was operated and it captured the image of the scattered light. The camera lens
was attached with a 532 nm band pass filter to reduce interference from other
stray light. This camera provided 10 instantaneous images of flow features over
the period of operation. Subsequently 1000 images were acquired using the high
speed Nd-YLF laser. The images from the primary flow seeded experiments were
averaged to obtain an averaged image of the flow field for each experimental run.
This reduces the effect of variation of light intensity and seeding level from one
image to the next. The results of these experiments are discussed below.
3.7 The Approach to Obtain Clean Images
Background subtraction is used to remove the constant background noise.
A large number of background subtracted instantaneous images are averaged
to obtain an image which has averaged out many stray points which affect the
edge detection. Accurate edge detection is dependent on the background values
which are of similar magnitude as the jet edges in certain regions. To avoid this
a threshold needs to be set for every image which is tedious and can result in
false positives or no detection of the edge at all. By averaging, only the most
dominant features of the flow are detected, thus avoiding the need to remove the
non-dominant features separately. Since a very large number of images (1000) has
been used even weak features, that may be present in many instantaneous images
but are missed out due to thresholds, are detected. The final result is an image
dominated by the flow features with a few stray points of noise also called salt and
pepper noise.
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Salt and pepper noise is unavoidable. Since seeding is necessary, scattering from
the stray seeds shows up as this noise. This is removed by using a median filter
which works only on 2-D arrays. Step 1 : Hence the colour image which is a 3-D
array is first converted into a gray scale image which is a 2-D array. This gray
scale image has very small values at the edge of the jet. This could result in the
edge detection being not accurate. Step 2 : By setting the lowest cut-off value of 1
the gray scale image is converted into a logical image where any value lower than
1 is a white point and all other points are black. This logical image is converted
back into a gray image which has only two values and hence has very sharp edges.
It can be seen after this that the jet edges from the faintest region are visible but
with a few stray points. Step 3 : These points are removed with the median filter.
The median filter works by picking up all the pixel values around the selected pixel
and arranging them in ascending order. Then the median value is selected and
assigned to the selected central pixel. By doing this, the stray salt and pepper
value is replaced by the surrounding value. Step 4 : The edge is detected by
marching along both X and Y directions and detecting every change in value from
zero to one and vice versa.
3.8 The Acoustic Test Facility
The acoustic measurements were carried out in the Jet Aeracoustics Research
Facility (JARF) at National Aerospace Laboratories (NAL) Bangalore. The jet is
supplied with dry compressed air from a 10 bar reservoir through a computerized
globe valve (Make: Fisher, Type: ET) with a Whisper Cage Trim for cutting down
valve pings. The settling chamber is provided with a perforated cone and three
sets of flow conditioning screens. An inline electric heater (not yet operational) is
provided in-between the valve and the settling chamber. This allows for studies
on hot supersonic jets. The jet can be run continuously for up to 40 minutes. The
driving pressure for the jet was maintained to within 0.35 psi during the run. The
jet exhausts in to an anechoic chamber of inner dimensions 3.6m (L) x 3.6m (W) x
3m (H) for carrying out acoustic measurements. The anechoic chamber walls are
mounted with fiberglass covered acoustic wedges, which are designed to achieve a
low-frequency cutoff of 300 Hz. The chamber is provided with suitable acoustically
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Figure 3.6: Image processing stages row wise from top left to bottom
right a)Step 2: conversion to binary images b) Step 3: denoising c) Step
4: edge detection d) comparison of original image and detected edge
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treated intakes to allow for entrainment by the jet. During the run, the ambient
pressure in the chamber dropped by less than 0.1psi demonstrating that adequate
area has been provided for entrainment. A catcher of 0.6m x 0.6m outlet provided
with proper acoustic termination collects the jet exhaust. Preliminary acoustic
tests showed that the room is anechoic above 400Hz with a partial floor grating in
place.Karthikeyan et al. (2009)
Acoustic Measrements : The acoustic measurements of the jet were carried
out with 1/4 in diameter B&K type 4939 free-field microphones. The normal
protection grid was used to prevent any accidental damage. The microphones
were used in conjunction with the B&K Nexus Model 2960 amplifier. A National
Instruments PCI-MIO-16E-1 A/D card, capable of sampling at 1.2 MHz, was
used for data acquisition. The sampling rate was 200 kHz. For each angular
location, 409600 samples were collected and analyzed with a 4096 point fast Fourier
transform (FFT) and averaged. Averaging the results for the 100 subsets reduced
the random error in the calculation to within 0.1%. The resulting resolution of
the narrowband spectra is 48.8Hz. The sound pressure level (SPL) is defined
in the conventional manner, SPL=20 log10 (prms/pref), where Pref is taken as
20 µPa. The overall sound pressure level (OASPL) was calculated by numerical
integration of the spectra. The microphones were set up in an arc that had a
radial distance of 38 diameters from the nozzle exit which is in the acoustic far
field. For the C-D nozzle, the nozzle exit was the origin. The arc covered the
polar angle, ranging from 90◦to 150◦relative to the jet inlet axis (see Figure 3.5).
The corrections for the actuator response as well as the free-field response are
applied at each frequency. The corrected SPL values are then converted back into
pressure values and integration is then performed over the corrected spectrum. The
resulting squared pressure value is then used to obtain the OASPL.Karthikeyan
et al. (2009)
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Figure 3.7: Acoustic test facility N. Karthikeyan et al 2009
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Pb=0.91bar Md=2 Md=2.3 Md=2.5
No of lobes 0,3,4,5,6 0,4 0,3,4,5,6
Back pressure for
normal shock at exit
0.5752*P0
P0=1.594bar
0.4802*P0
P0=1.909bar
0.417*P0
P0=2.199bar
Overexpanded stag-
nation chamber
pressure
3.5 bar 3.5 bar 3.5 bar
Ideally expanded
stagnation chamber
pressure
6.3 bar 10.55 bar 14.75 bar
Underexpanded
stagnation chamber
pressure
7.2 bar Not possible Not possible
Table 3.1: Test matrix for schlieren visualisations
Pb=0.91bar Md=2
No of lobes 0,4
Overexpanded stagnation chamber pressure 3.5bar
Table 3.2: Test matrix for background oriented schlieren
Pb=0.91bar Md=2
No of lobes 0,4
Overexpanded stagnation chamber pressure 3.5bar
Ideally expanded stagnation chamber pressure 6.3bar
Underexpanded stagnation chamber pressure 7.2bar
Table 3.3: Test matrix for acoustic visualisations
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CHAPTER 4
Visualisation Studies
Visualization experiments have been performed to study the flow field of the
nozzles at design and off design conditions. The mixing region and the primary
flow of the jet have been separately visualized. The effect of varying the number
of lobes and the design Mach number of the nozzle on the mixing and spreading
characteristics of the jet will be further discussed.
Mixing enhancement of two gaseous streams at high Mach numbers plays an
important role in the design of supersonic ejectors and supersonic combustors. In
order to obtain mixing enhancements in supersonic jets many nozzles with exotic
shapes have been developed Gutmark et al. (1995).
To achieve enhanced mixing a nozzle named as the Elliptic Sharp Tipped Shallow
(ESTS) lobed nozzle has been developed in the Laboratory for Hypersonic and
Shockwave Research (L.H.S.R.), Indian Institute of Science (IISc.), India Rao
(2013). This nozzle has a unique geometry involving elliptical lobes and sharp
tips. These lobes are generated using a simple manufacturing process from the
throat to the exit. This lobed and sharp tipped structure introduces stream wise
vortices and azimuthal velocity components which must help in enhanced mixing
and spreading. The ESTS lobed nozzle has shown mixing enhancement with 4
lobes. The spreading rate was found to be double of the reference conical nozzle
Rao & Jagadeesh (2014). This work was motivated by the need to visualise and
investigate the flow physics involved in the ESTS lobed nozzle.
Visualisaton Studies
4.1 Schlieren Visualisations
Schlieren imaging was initially performed to obtain high speed visualisations of the
various nozzle flow fields. The starting process of the nozzles under overexpanded
conditions was also obtained
4.1.1 Over Expanded Nozzles
The Figures 4.1, 4.2,4.3, 4.4, 4.5 and 4.6 show the over expanded nozzle flows.
These are the reference conical and ESTS lobed nozzles. In these schlieren images
the jet edges are seen to be converging. Due to the first impinging shock the jet
edge begins to spread. The flow from the three lobed nozzle is not symmetric
across the axis and is tilted towards the lobe crest at the top. However rate of
spread is faster for the jet edge from the lobe tip at the bottom. The 4, 5 and 6
lobed nozzles indicate the presence of a slip line in the core. However this could
also be due to line of sight integration effects inherent in schlieren images.
Figure 4.1: Conical, M=2, P=3.5 bar. Flow is right to left.
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Figure 4.2: 3 Petal, M=2, P=3.5 bar. Flow is right to left.
Figure 4.3: 4 Petal peak to peak plane, M=2, P=3.5 bar. Flow is right
to left.
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Figure 4.4: 5 Petal, M=2, P=3.5 bar. Flow is right to left.
Figure 4.5: 6 Petal peak to peak plane, M=2, P=3.5 bar. Flow is right
to left.
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Figure 4.6: 6 Petal tip to tip plane, M=2, P=3.5 bar. Flow is right to
left.
4.1.2 Ideally Expanded Nozzles
The Figures 4.7, 4.8, 4.9, 4.10, 4.11, 4.12 and 4.13 show the nozzle flows for ideal
expansion pressure ratio . These are the reference conical and ESTS lobed nozzles.
In these schlieren images the jet edges are almost parallel at the exit. Due to the
first impinging shock the jet edge begins to spread. The flow from the three and
five lobed nozzle is not symmetric across the axis and is tilted towards the lobe
crest at the top. However rate of spread is faster for the jet edge from the lobe
tip at the bottom. The 4, 5 and 6 lobed nozzles indicate the presence of a slip
line in the core. However this could also be due to line of sight integration effects
inherent in schlieren images.
4.1.3 Under Expanded Nozzles
The Figures 4.14, 4.15, 4.16, 4.17, 4.18, 4.19 and 4.20 show the nozzle flows for
under expansion pressure ratio . These are the reference conical and ESTS lobed
nozzles. In these schlieren images the jet edges are diverging at the exit. Due to
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Figure 4.7: Conical, M=2, P=6.3 bar. Flow is right to left.
Figure 4.8: 3 Petal, M=2, P=6.3 bar. Flow is right to left.
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Figure 4.9: 4 Petal peak to peak plane, M=2, P=6.3 bar. Flow is right
to left.
Figure 4.10: 4 Petal tip to tip plane, M=2, P=6.3 bar. Flow is right to
left.
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Figure 4.11: 5 Petal, M=2, P=6.3 bar. Flow is right to left.
Figure 4.12: 6 Petal peak to peak plane, M=2, P=6.3 bar. Flow is right
to left.
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Figure 4.13: 6 Petal tip to tip plane, M=2, P=6.3 bar. Flow is right to
left.
the first impinging shock the jet edge begins to spread. The flow from the three
and five lobed nozzle is not symmetric across the axis and is tilted towards the
lobe crest at the top. However rate of spread is faster for the jet edge from the
lobe tip at the bottom. The 4, 5 and 6 lobed nozzles indicate the presence of a slip
line in the core. However this could also be due to line of sight integration effects
inherent in schlieren images.
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Figure 4.14: Conical, M=2, P=7.2 bar. Flow is right to left.
Figure 4.15: 3 Petal, M=2, P=7.2 bar. Flow is right to left.
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Figure 4.16: 4 Petal peak to peak plane, M=2, P=7.2 bar. Flow is right
to left.
Figure 4.17: 4 Petal tip to tip plane, M=2, P=7.2 bar. Flow is right to
left.
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Figure 4.18: 5 Petal, M=2, P=7.2 bar. Flow is right to left.
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Figure 4.19: 6 Petal peak to peak plane, M=2, P=7.2 bar. Flow is right
to left.
4.2 Preliminary LASER Scattering Results
Instantaneous images of the mixing layer taken at an axial plane with the conical
and ESTS nozzles with three, four, five and six lobes are shown in FIGURE 4.21.
The flow was not seeded instead the condensation of moisture was exploited to
scatter the LASER. The three and four lobed nozzles are for design Mach number
2.0, while the conical nozzle is for design Mach number 2.3 and five lobed and six
lobed nozzles are for design Mach number 2.5. The stagnation chamber pressure
was maintained at 6 bar.
A comparison of the images of the ESTS lobed nozzles with the conical nozzle
shows changes in the mixing layers due to the ESTS lobed nozzles. The following
qualitative conclusions were derived from the images. The image of the reference
conical nozzle shows a distinct potential core and mixing layers all along the length.
For the ESTS lobed nozzles this distinction becomes unclear shortly between 5 and
7 times the nozzle exit diameter, after the nozzle exit. Thus mixing of the primary
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Figure 4.20: 6 Petal tip to tip plane, M=2, P=7.2 bar. Flow is right to
left.
flow and ambient air is enhanced in the case of all the ESTS lobed nozzles. In case
of odd numbers of lobes, the crest of a lobe is diametrically opposite to the tip of
another lobe. Thus in the image of the three lobed nozzle the mixing layer from
the lobe tip is seen in the upper region and the mixing layer from the lobe crest is
seen in the lower region. This image shows that the visual thickness of the mixing
layer from the lobe crest has a higher growth rate than the mixing layer from the
lobe tip. In the case of even numbers of lobes a lobe tip is diametrically opposite
to another lobe tip. Thus the mixing layers at any longitudinal position appear
geometrically similar on both sides, as seen in the image of the four lobed and six
lobed nozzles. The images of the conical nozzle, five lobed and six lobed nozzles
also show some additional structures between the two extreme mixing layers that
are not seen in the images of the three and four lobed nozzles. The free jets
from the conical nozzle, five lobed and six lobed nozzles are at the stagnation
chamber pressure of 6 bar. The flow structures seen in these images could be the
result of these jets being over expanded. The transverse section images of the
jets at various locations along the axis are shown in FIGURE 4.21 (c). These
images clearly demonstrate the three dimensional nature of the flow field of all the
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Figure 4.21: Instantaneous images at 6 bar stagnation chamber pressure
(a) vertical axial slices (b) azimuthal position of nozzle (c) transverse
to axis slices at indicated position from nozzle exit. Flow is left to right
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ESTS lobed nozzles. The mixing region closely resembles the exit shape of the
individual nozzles. The perimeter of the exit plane is minimum for the circular
jet and maximum for the six lobed nozzle. Hence the spreading and mixing of
the free jet should show an increasing trend as the number of lobes is increased.
However the images show that mixing layer spreads more for the three lobed nozzle
than the six lobed nozzle. This is evident in the transverse cross sectional views
at 140 mm from nozzle exit. It was also observed that the cores of the jets had
diminished earlier for the five lobed and six lobed nozzles and at 140 mm are
nearly indistinguishable from the mixing region. But the cores of the jets are still
present at 140 mm in the three lobed and four lobed nozzle jets. This shows that
the mixing region spreads faster but the jet core diminishes slower as the number
of lobes of the nozzle are decreased. Thus the pinching of the jet effect is stronger
as the number of lobes increases whereas the perimeter stretching is prominent for
nozzles with fewer lobes.
The averaged images for three lobed, four lobed for design Mach number 2 and
four lobed for design Mach number 2.3 are shown in FIGURE 4.22 (a) to 4.22 (e).
The averaged images for five and six lobed nozzles are shown in FIGURE 4.22 (f)
to 4.22 (h). The azimuthal variation of the shock structures in the flow of the
ESTS lobed is clearly seen in these images. The shock structures are asymmetric
across the axis of the nozzle for the three lobed and five lobed nozzles. In the
case of four lobed nozzles the shock structures are symmetric across the axis of the
nozzle. The angle of the oblique shocks is larger for the four lobed nozzle for design
Mach number 2.3 than the angle of the oblique shocks for the four lobed nozzle for
design Mach number 2. Thus the design Mach number determines the strength of
shocks in the flow field. At 6 bar the Mach 2 nozzle was nearly ideally expanded
and hence weak shock structures should be observed in the flow field. However
the shocks present in the flow field of the four lobed for design Mach number 2 are
strong. Hence it was concluded that the design Mach number cannot be used to
characterize the nozzle. The shock structures for five and six lobed nozzles away
from the nozzle appear considerably diffused compared to the three lobed and
four lobed nozzles. This corroborates the observation from the transverse section
images that jet core diminishes slower as the number of lobes of the nozzle are
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decreased. However this does not relate the mixing rate with the shock structure.
Figure 4.22: Averaged image at stagnation chamber pressure 6 bar at
vertical axial plane as indicated. flow is left to right
4.3 Starting of the Nozzle
The overexpanded conical nozzle has a starting process as follows. The flow begins
as low subsonic. The width of the jet is close to 3D at 6D from nozzle exit at 0.337
seconds after the flow was triggered. The flow progressively increases in speed.
This is evident from the increasing speed of the flow structures. As flow speed
increases the flow structures become clearer indicating that density gradients be-
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come stronger. Mach waves are generated by the moving structures. These waves
grow stronger with the flow speed. The developing flow within the nozzle results
in a normal shock or strong oblique shocks within the nozzle. This inferred from
the jet being subsonic as there are no shock structures or Mach waves visible. The
strong shock gets pushed out towards the exit since the pressure ratio is higher
than that required for a normal shock to exist within the nozzle. Due to the
difference in ambient conditions and the conditions in the nozzle duct the strong
shock transforms into weak oblique shocks as soon it contacts the ambient. The
subsequent flow being supersonic it equalizes pressure with the ambient through
subsequent pressure waves at certain spatial intervals. Mach waves appear in the
flow during this stage. The pressure waves at each interval coalesce to form oblique
shock waves. This gives rise to the shock diamond structures. As these shocks
get pushed out their angle reduces and the subsequent flow remains supersonic.
This process of reduction of shock angles is similar to the opening of an accordion.
The shocks inside the nozzle moving towards the lip touch the nozzle lip at ap-
proximately 0.425 seconds after the flow was triggered. However the flow has not
developed fully at this point. The interaction of oblique shocks from diametrically
opposite points of the nozzle lip form a Mach disc. This is being termed as a Mach
disc for lack of a more accurate term. Since the flow is non axis symmetric the
it is nit exactly a disc but distorted to another shape. This Mach disc is pushed
away from the nozzle exit and the oblique shock angles decrease. The position of
the mach disc oscillates. This shock oscillation perturbs the jet flow. The pertur-
bation amplitude grows as it progresses with the flow and the entire jet oscillates
from the point nearly 3D away from nozzle exit. This is also close to the position
of termination of the second shock diamond. The flow development is completed
nearly 0.48 s after the trigger. The jet edges at the nozzle exit are converging.
This indicates the over expanded nature of the jet. The jet width is nearly 1.8D at
6D from nozzle exit at 0.48 sec after trigger. The reflection of the oblique reflected
shocks from the free surface clearly plays an important role in the spreading of the
jet. The initially converging free jet begins to diverge only after the incidence of
the reflected oblique shocks on the free jet surface.
The spreading rate of the four lobed ESTS nozzle is found to be the highest for
a given design mach number. It is upto 75 percent greater than the spreading rate
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Figure 4.23: 0.268ms after trigger. Flow is right to left.
Figure 4.24: 0.298ms after trigger. Flow is right to left.
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Figure 4.25: 0.337ms after trigger. Flow is right to left.
Figure 4.26: 0.353ms after trigger, shock at nozzle exit. Flow is right to
left.
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Figure 4.27: 0.360ms after trigger. Flow is right to left.
Figure 4.28: 0.377ms after trigger. Flow is right to left.
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Figure 4.29: 0.4ms after trigger. Flow is right to left.
Figure 4.30: 0.425ms after trigger. Flow is right to left.
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Figure 4.31: 0.4254ms after trigger. Flow is right to left.
Figure 4.32: 0.48ms after trigger. Flow is right to left.
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Figure 4.33: 1.08ms after trigger. Flow is right to left.
for a corresponding conical nozzle. The figure below shows the laser scattering
image of the flow field of ESTS four lobed nozzles of mach numbers 2, 2.3 and
2.5 for the overexpanded condition at 3.5 bar stqgnation chamber pressure. From
these images it was found that the spread rate for the higher design mach number
is greater than for the lower. Hence the 2.5 design mach number nozzle has higher
spread rate than the 2.3 design mach number nozzle which in turn has higher
spread rate than the 2 design mach number nozzle. However the jet width at a
certain axial location for the nozzle with lower design mach number is greater than
the higher design mach number nozzle.
4.4 Shock Cell Spacing
Shock cell spacing was analysed from scattering images using centre line intensity
plots and compared with simulation results. Earlier studies have used schlieren
images for two dimensional or axis symmetric flows. The flow field in this case
being non axis symmetric LASER scattering ensured the effect of spatial averaging
was avoided. The simulations have been explained in detail in chapter 6
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Figure 4.34: Averaged LASER scattering images for reference and ESTS
4 lobed nozzles for 3.5 bar stagnation chamber pressure. Mach number
is Md. Flow is right to left.
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Figure 4.35: Edge detection of the flow image of ESTS 4 lobed Md = 2
nozzle in overexpanded condition. Flow is right to left.
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The shock spacing of the first diamond in the M=2.3 over expanded nozzle is
0.02268 m according to CFD results. The shock spacing of the first diamond in
the M=2.3 over expanded nozzle is 0.0167 m according to laser scattering. The
shock spacing of the first diamond in the M=2 over expanded nozzle is 0.02577
m according to CFD results. The shock spacing of the first diamond in the M2
overexpanded nozzle is 0.02058m according to laser scattering. CFD has underpre-
dicted the shock spacing of the nozzle flows in this study. The CFD approach has
serious limitations especially for lobed supersonic jets with three-dimensionality,
compressibility effects and high temperature. Correction factors may be imple-
mented to this approach. This increases the accuracy of the mean velocity field and
quantities such as potential core length. However the prediction of turbulent ki-
netic energy fields still suffers. The turbulence model also plays an important role.
The turbulence models have been optimized for conical and two dimensional cases.
Hence the discrepancy for lobed nozzles might be greater. The circular nozzle due
to its axis symmetry would have a lower influence from the three dimensionality
effects. The schock spacing for 3 petal M2 and 5 petal M2.5 overexpanded nozzles
is also shown the figures.
4.5 Conclusions
This study focused on the effect of various parameters on the flow field of the
ESTS lobed nozzle. The effect of changing the design Mach number of the nozzles
has been studied. The shock structure is dependent on the design Mach number.
Increasing the number of lobes reduces the length of the jet core. The spreading
rate of the mixing layer is more for nozzles with lower number of lobes. The flow
visualizations have enabled the understanding of the flow structures of the free jets
from the ESTS lobed nozzles. The three dimensional flow field of ESTS lobed noz-
zles with different numbers of lobes have been visualized. Further experiments and
analysis performed to understand the flow field of the ESTS nozzles are discussed
in the following chapters.
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Figure 4.36: Centreline pressure variation in Pa of 3 petal Md = 2 nozzle
from CFD simulation
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Figure 4.37: Centreline pressure variation in Pa of 4 petal Md = 2 nozzle
from CFD simulation
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Figure 4.38: Centreline pressure variation in Pa of 4 petal Md = 2.3 nozzle
from CFD simulation
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Figure 4.39: Intensity scan along axis of overexpanded Md = 2 nozzle.
Flow is right to left.
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Figure 4.40: Intensity scan along axis of Md = 2.3 nozzle for pressure
ratio 4.8. Flow is right to left.
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Figure 4.41: Centre line pressure variation in Pa of ESTS 5 lobed nozzle
Md = 2.5
71

CHAPTER 5
Fractal Analysis
This chapter contains the details of the fractal analysis performed to study the
nature of the scalar interface of the shear layer and the ambient air. The meaning
of fractals, the significance of fractal dimension and the method to calculate the
fractal dimension have been discussed below. The results obtained from the analysis
and the significance of the obtained results are also discussed.
5.1 Introduction
Clouds are not spheres, mountains are not cones, and coastlines are not circles ...
-Mandelbrot (1983),
From The Fractal Geometry of Nature, Mandelbrot (1983) introduced the con-
cept of fractals in their modern physical notion. Fractals are objects whose parts
relate to the whole in some way. Depending on the way in which they are related,
they may be of different kinds. We majorly deal with self-similar fractals in this
work.
Self-similar fractals can be generated using computers by performing the same
operation repeatedly on a starting object that may be rather simple Sreenivasan
(1991). An example would be the triadic Koch curve. When these are expanded
by a certain amount, they look exactly similar to the object that was present
before a few iterations. In nature, one almost always does not have access to the
construction details of a fractal object, but only to the final object after a large
(and unknown) number of iterations. But the very important property of the
fractal object, namely the fractal dimension (Df ), can be measured from the final
fractal object itself. V (2010)
Fractal Analysis
5.2 Definition of Fractal Dimension
Let us define the fractal dimension of a fractal object whose geometric dimension
is one. As we increase the resolution of scale of measurement, the length of the
fractal will increase. If there is similarity in the scales of consideration, the length
will increase by a power law. Let N(r) be the number of line segments of resolution
r required to cover the whole length of the fractal. Then,
N(r) = r( −Df )
This can be rewritten as,
Df = logN/(log(1/r))
This is the relation used for calculating the fractal dimension. If we use this
relation on ordinary non-fractal objects, like a square, Df will give its Euclidean
geometric dimension. Thus we see that Df plays the role of dimension for fractals.
Fractal dimension of a fractal is always greater than its geometrical dimension. For
example, the triadic Koch curve, which is geometrically one-dimensional, has a Df
of about 1.26. This is due to the convolutedness present in the fractal at all scales.
The fractal dimension quantifies this convolutedness. Also, fractal dimension is a
measure of the space-filling capability of the fractal.V (2010)
The preceding definition can be extended to areas and volumes of fractal surfaces
and volumes in a similar manner. For example, in the case of fractal surfaces, N(r)
will represent the number of area elements of linear dimension r required to cover
the whole fractal. For practical purposes, Df can be found by plotting N(r) and r
in a log-log plot and finding the slope of the line obtained.
We note that, though fractal dimension is the most basic property of a fractal,
many fractals having the same fractal dimension can be constructed. In turbulence
research, available instrument and technology constraints us to only investigate
one or two-dimensional sections of three dimensional objects. Additive law helps
us in these situations to find the true fractal dimension of the object. Quoting
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from Sreenivasan (1991), If F is a fractal object embedded in three-dimensional
space and intersected by a thin plane – in practice, about as thin as the finest scale
present the dimension of the intersected set is one less than that of F provided that
the result is independent of the orientation of the intersecting plane. In a similar
manner, the dimension of a line intersection is two less than that of F, provided
that the line is thin and the results are independent of the orientation of the line.
These conditions are shown to be satisfied by fractals appearing in turbulent flows
(see Sreenivasan (1991)). Many methods are available for measuring the fractal
dimension. The box-counting method is widely used in turbulence research and
followed in this work as well.
5.3 Box-Counting Method
In 2-D box-counting method, a planar image containing the fractal boundary is
superimposed by an array of squares of the same size r. Then the number of boxes
containing the fractal boundary N(r) is counted. The size of the squares r is varied
and N(r) is calculated for each r. N(r) and r are plotted against each other in a
log-log plot. If the image is really that of a fractal object, then we will see a range
of values of r in which the plot is approximately linear. Then the negative of the
slope in this region gives the fractal dimension of the fractal boundary. In 1-D
box-counting method, a line intersection is available as a truncated Cantor set.
Here the number N(r) of the line segments of length r required to cover the set is
calculated for several values of r. Then the fractal dimension is found by plotting
N(r) and r in a log-log plot in the way just discussed.V (2010)
The fractal analysis of the instantaneous images using the box counting method
for single images gives the fractal dimension as follows. This is for the overex-
panded cases of nozzle design Mach number of 2.
• Conical nozzle Df = 2.42
• 3 lobed nozzle Df = 2.52
• 4 lobed nozzle Df = 2.585 for peak plane
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Figure 5.1: Image processing stages counter clockwise from top right a)
& b) denoising c) edge detection d) comparison of original image and
detected edge
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Figure 5.2: sample graph obtained from detected edge comparing the
dimension with the box size
77
Fractal Analysis
• 4 lobed nozzle Df = 2.5 for tip plane
• 5 lobed nozzle Df = 2.529
• 6 lobed nozzle Df = 2.515 for peak plane
• 6 lobed nozzle Df = 2.489 for tip plane
From the instantaneous laser scattering images we observe that due to the
interaction of the spanwise and streamwise vortices the turbulent structures expe-
rience pinching and stretching. Due to the greater number of stream wise vortices
in 5 and 6 lobed nozzles the interaction is much stronger than in case of lower
number of lobes and hence the core should terminate earlier. Df of four lobed
nozzle is greater than the Df of five lobed nozzle and this is greater than Df of
6 lobed nozzle. The greater the Df the more convoluted the surface is. More
the convolution greater is the surface area for interaction between primary and
secondary flow. This would indicate greater potential for mixing. Hence 4 lobed
nozzles have should have better mixing characteristics than 3, 5 and 6 lobed noz-
zles. This is shown by the higher spread rate of 4 lobed nozzles from the scattering
image analysis.
5.4 Conclusions
The fractal analysis has provided indicators for the mixing characteristics of the
lobed nozzles. However the images used for this analysis have a low resolution of
252 µm. Also the dimensions have been found for only single images of each case.
The dimension needs to be obtained by averaging the values obtained from a much
greater number of images. Hence the dimensions obtained in this study are only
indicative of trends and cannot be taken as a characteristic of the individual cases.
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CHAPTER 6
CFD, BOS and PIV Studies
This chapter is about the quantitative studies performed on the flow field. Sim-
ulations using commercial software, background oriented schlieren and particle im-
age velocimetry were performed. The density field and velocity field of the nozzles
were obtained through experiments. These were compared with the simulation re-
sults.
6.1 Introduction
The flow field associated with supersonic free jets can be understood better by
using visualization techniques like schlieren in the laboratory. Supersonic jets are
used in the fields of aerospace, refrigeration and precision manufacturing. The
supersonic free jets are normally characterized by a compressible flow field with
complex shock structures at off design conditions. Supersonic free jets from nozzles
with exotic shapes like Elliptic Sharp Tipped Shallow (ESTS) lobed nozzle have
three dimensional flow fields that are difficult to completely understand using
line of sight integrated techniques like schlieren. These nozzles present a chal-
lenge to the measurement of flow properties with novel flow diagnostic techniques.
Density is one such flow property which is very informative yet difficult to ob-
tain. The three dimensional density fields can be obtained by the Background
Oriented Schlieren (BOS) Venkatakrishnan & Meier (2004), Venkatakrishnan &
Suriyanarayanan (2009). Various nozzle configurations with non-axis symmetric
profiles have been studied earlier Gutmark et al. (1995) including the ESTS lobed
nozzle Rao (2013), Rao & Jagadeesh (2014). This is an attempt to capture the
density flow field of an ESTS lobed nozzle free jet using BOS. In this study, a
supersonic ESTS lobed nozzle with four lobes is operated to get a supersonic free
jet. The density field of this jet is obtained at several azimuthal positions by turn-
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ing the nozzle about its axis. The information from all the positions is used to
reconstruct the three dimensional flow field of the nozzle. From this density field
both the basic physics of the complex flow field can be understood as well as CFD
modelling of the flow field can be validated.
6.2 CFD Simulations
The CFD simulations have been done on the commercial software ANSYS CFX
13.0. The fluid was set as air as an ideal gas and calorically perfect. The total
temperature was given as 300 K while the total pressure was 4.4 bar. Atmospheric
pressure was set as the local pressure of 0.91 bar. K − ε turbulence model with
default turbulence intensities was used. Initial values for velocities were set as
u=30 m/s, v=0, w=0. First order turbulence numerics were applied. A high
resolution advection scheme was used in the solver. The physical time scale set
was 1 ∗ e−5 s. The convergence criterion was 1000 iterations with target residual
of 1 ∗ e−4 of the maximum values. The simulation was done using 12 parallel
processors on a mesh with 9.43 million nodes. The solution converged and took a
wall clock run time of nearly 39 hours.
Figure 6.1: CAD model and mesh of 4 lobed ests nozzle
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Background Oriented Schlieren (BOS)
Figure 6.2: Mesh sensitivity comparison
6.3 Background Oriented Schlieren (BOS)
The background oriented schlieren technique is in principle based on the change
in refractive index due to the change in density. Using this principle BOS is
used to determine the density field using the following steps: (a) a background is
imaged through the flow of interest and without the flow. These images are used
to calculate the displacements of the background images due to the flow using a
PIV-type cross-correlation algorithm. These displacements represent the vectors of
density gradient at each point. (b) The gradient of the above displacement which
gives the Poisson equation is solved to obtain the line-of- sight integrated density
field and; (c) The density field in the actual plane of interest is determined by the
use of optical tomography (filtered back-projection). The reconstruction function
is derived in Venkatakrishnan & Meier (2004). The entire field is reconstructed
using inverse tomography Venkatakrishnan & Suriyanarayanan (2009).
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6.3.1 Experimental Setup
In order to obtain images a dynamic Schlieren light source (PAL Flash 501) was
used for illumination. It produced a light pulse of 750 nanoseconds pulse width. A
Phantom v310 camera was used to capture images of the background. A Nikon 400
mm lens was used as the imaging optics. A dot pattern of 2400 dpi resolution was
used for the study. The imaged area was 200 x 200 mm. Phantom PCC software
was used to acquire and IDT proVISION R software was used to postprocess the
images to get the density gradient field. The nozzle was kept at a distance of 3m
from the camera and 90 mm from the background to get maximum sensitivity. In
order to reduce the noise generated from the density gradients in the ambient the
room was kept well ventilated. The flow was started and an image was acquired
by synchronously operating the camera and the light source. The synchronization
was done using a using a pulse from a Stanford DG 535 signal generator which
simultaneously triggered the light source and the camera. The camera was oper-
ated at a frame rate of 3200 fps and an exposure of 490 microseconds. The long
exposure ensured that the light pulse from the PAL flash was captured by the first
frame of the camera. Each image thus acquired had an effective exposure of less
than 1 microseconds. A total of 8 images were acquired at each position to obtain
an average image which was used in the tomographic reconstruction. The nozzle
was rotated to obtain images at 9 intervals.
Figure 6.3: (a) No flow image (b) Flow image
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Particle Image Velocimetry (PIV)
Figure 6.4: Vector plot of density gradient
6.4 Particle Image Velocimetry (PIV)
The method of particle image velocimetry is fairly well known and widely used.
The details of the PIV setup used in this study are as follows. Pairs of PLMS
images of the flow field were taken with 1 µs delay between two images. These
images were synced with the double pulse of the laser. A 527 nm, Nd-YLF double
pulse laser, with a cycle rate of 0.8 kHz with an energy of 22 mJ per pulse is used
to produce the laser sheet to illuminate the particle laden flow field. Each laser
pulse lasts 100 ns, and the thickness of the laser sheet is approximately 0.5 mm. A
high-speed camera (Phantom Miro 110) was used to acquire images. A 527 5 nm
band pass filter was used to reduce the capture of noise light by the camera. The
camera was operated at a frame rate of 800 fps. A High-Speed Controller (HSC)
was used to sync the laser and camera. LaVisions Davis 8.3 software is used as
the interfacing system. Pre-processing, vector calculation, and post-processing of
the data was performed using the same software.
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6.5 Comparison of CFD and Experimental Results
Figure 6.5: (a) Density field for 4 Lobed Nozzle (Md=2) at 4.8 nozzle
pressure ratio obtained from BOS normalized with ambient density (b)
Density field for 4 Lobed Nozzle (Md=2) at 4.8 nozzle pressure ratio
obtained from CFD. Tip to tip axial plane of the nozzle
6.6 Discussions
Figure 6.5 shows the comparison of the axial planes of the flow taken along the tip
to tip plane. The positions of the shock cells are approximately captured by the
CFD simulation. The experimental data shows the presence of 9 shock cells while
only 7 are revealed by the CFD simulation. The experimental image shows the
low pressure region seen in dark blue close to the nozzle lip. This is caused by the
entrainment of the ambient by the free jet near the thick lip of the nozzle. This
effect is not clearly seen in the CFD contours. The Figure 6.6 shows an iso-surface
of density corresponding to 1.4 kg/m3. This surface reveals the shape of the flow
at the exit of the nozzle. The lobe shape of the exit cross section is clearly seen
in the images. This lobe shape is captured by both the experiments and the CFD
simulation. Beyond the lobe shaped structures the flow behaves similar to the flow
at the exit of an under expanded nozzle. The CFD simulations did not capture
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Figure 6.6: (a) Density iso-surface obtained from BOS for 4 Lobed Nozzle
(Md=2) at 4.8 nozzle pressure ratio (b) Density iso-surface obtained
from CFD for 4 Lobed Nozzle (Md=2) at 4.8 nozzle pressure ratio
the flow physics very accurately. However it has successfully revealed the general
trend of the flow. The velocity contours obtained from CFD match well with the
PIV results of the ESTS 3 lobed nozzle. It is also seen that the jet for the three
lobed nozzle is tilted towards the lobe tip. This is due to the asymmetry across
the nozzle axis.
6.7 Conclusions
The flow field of the ESTS 4 lobed nozzle has been investigated using BOS. The
three dimensional flow field has been successfully reconstructed from line of sight
integrated images using optical tomography. CFD simulations of the nozzle have
been performed and compared with the experimental data. The CFD results reveal
the general features of the flow field. But they do not compare accurately with
experimental data. Better simulations with more accurate turbulence models need
to be performed to accurately simulate the flow field. The experiments have been
performed at 9◦ intervals of nozzle rotation. Experiments with smaller angular
steps need to be performed to resolve the flow field better.
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Figure 6.7: Velocity contours from cfd study of 3 lobed nozzle M2 in
overexpanded condition
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Figure 6.8: Mach contours from cfd study of 3 lobed nozzle M2 in over-
expanded condition
87
CFD BOS and PIV Studies
Figure 6.9: Velocity contours from particle image velocimetry of 3 lobed
nozzle (Md=2) in overexpanded condition
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CHAPTER 7
Acoustic Studies
This chapter enumerates the facilities and their details used to study the super-
sonic nozzles in the current work. The facilities already available, the modifications
made etc. have been discussed in detail in the following chapter.
In the present study, the nozzle pressure ratio, NPR (Po/Pa) is defined as
stagnation pressure to the ambient static pressure. For the Mach 2.0 nozzle, ideal
expansion at the nozzle exit is obtained at NPR of 7.8. Hence from the test matrix
the flow corresponds to over, ideal as well as under expanded conditions. Ambient
pressure and temperature in the anechoic room are measured at 13.27psi and 293
K respectively.
The reference convergent divergent nozzle corresponds to an area ratio of Mach
2. The acoustic spectrum for this nozzle at a nozzle pressure ratio (NPR) of 4.8
which corresponds to the nozzle being severely overexpanded is shown in the figure
below. The presence of screech tones at 4928 Hz (the peak at 122.286 dB) which
is the harmonic of the screech tone at 2464 Hz is clearly seen. However data at
2464 Hz is not recorded. But the sharp rise at 2432 Hz evidences the presence
of screech at the lower frequency of 2464 Hz. Figures 2 and 3 show the acoustic
spectrum for the elliptic sharp tipped shallow (ESTS) 4 lobed nozlze. The absence
of screech is evident in both the figures.
The large scale turbulence noise in the downstream directions has been reduced
by as much as 6 dB at the peak values. The fine scale turbulence noise is nearly
unchanged for the lobed nozzle when compared to the reference nozzle. Thus it
can be conjectured that mixing has been enhanced by the lobed nozzle due to the
early break up of the large scale structures. However the broadband mixing noise
seen above 50 kHz does not show drastic changes.The spectrum shows a general
reduction in the SPL for the lobed nozzle. This is clearly seen in the overall SPL
Acoustic Studies
Figure 7.1: Far field acoustic spectrum of reference CD nozzle overex-
panded at NPR = 4.8
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Figure 7.2: ESRS 4 lobed nozzle at npr = 4.8. Far field acoustic spectrum
measured in the lobe crest plane
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Figure 7.3: ESTS 4 lobed nozzle at NPR = 4.8. Far field acoustic spec-
trum measured in the lobe tip plane.
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graph in figure 7.4. At all angles the lobed nozzle shows lower overall SPL than
the reference nozzle. This graph shows a reduction of 5 dB in overall SPL at the
downstream positions.
Figure 7.4: Comparison of oaspl of the conical and lobed nozzles for
overexpanded condition
The acoustic spectra in the ideally expanded and under expanded cases show
that the reference conical nozzle has a directional nature. The downstream direc-
tions receive the highest intensities of sound. However in the case of the lobed
nozzle the spectra are bunched closer together. Thus the directionality although
93
Acoustic Studies
Figure 7.5: Far field acoustic spectrum of reference nozzle ideally ex-
panded
94
Figure 7.6: ESTS 4 lobed nozzle ideally expanded. Far field acoustic
spectrum measured in the lobe crest plane.
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Figure 7.7: ESTS 4 lobed nozzle ideally expanded. far field acoustic
spectrum measured in the lobe tip plane.
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Figure 7.8: Comparison of oaspl of conical reference nozzle and lobed
nozzle in ideally expanded conditions
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Figure 7.9: Reference cd nozzle under expanded. far field acoustic spec-
trum
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Figure 7.10: ESTS 4 lobed nozzle over expanded. far field acoustic
spectrum measured in the lobe crest plane.
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Figure 7.11: ESTS 4 lobed nozzle under expanded. far field acoustic
spectrum measured in the lobe tip plane.
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Figure 7.12: comparison of oaspl of conical reference nozzle and lobed
nozzle in ideally expanded conditions
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present is less prominent. The OASPL graphs show that the upstream angles ex-
perience higher sound intensity for the lobed nozzle than the conical nozzle. The
downstream angles show a reversal of this trend. Thus it can be concluded that the
lobed structure has caused a redistribution of energies throughout the directions.
The energy is more evenly distributed among the various directions for the lobed
nozzle flows. Due to the interaction of the spanwise and streamwise vortices the
turbulent structures experience pinching and stretching. This interaction could
thus result in greater spreading and mixing of the lobed nozzle jet. Due to the
shape of the nozzle the area available for mixing is also greater. The shape of
the nozzle with sharp tips causes the formation of counter rotating axial vorticity
which enhances mixing between the jet and ambient. The change in the shock
structure plays an important role to reduce the sound pressure levels. The regu-
lar shock barrels interact with the turbulent structures and result in broadband
shock noise. These barrels are also responsible for the oscillations which result in
the longitudinal waves in the mixing region. These waves are the major source
of noise in the axial direction. The lobed nozzle significantly changes the shock
barrels especially in the azimuthal direction and thereby influences a major source
of noise. The enhanced mixing also helps to reduce the noise.
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Conclusions
The schlieren visualisation studies have revealed the starting process of the
nozzles. The nature of the flow due to different number of lobes in nozzles with
three different design Mach numbers at three different pressure conditions have
been studied.
The PLMS studies have given insights into the spreading rate of ESTS lobed
nozzle flows. The four lobed nozzle is found to have the highest spread rate.
Fractal analysis has been performed on the PLMS images and the nature of the
scalar interface between the shear layer and the ambient air has been studied. The
fractal dimension indicates the level of convolution of the interface which in turn
is useful in the estimation of mixing characteristics. Tam et al. (1995) find that
jet Mach number is not an effective correlation parameter for jet turbulent mixing
noise. The identification of fine scale and large scale structure sources of jet noise
opens the scope to use multi fractals and fractal dimension of the turbulent jet
structures as a possible parameter.
CFD has been performed and the results obtained have been compared with
the quantitative results obtained through BOS which provides the density field
and PIV which provides the velocity field of the flow. Although the results do
not match exactly they show CFD provides a good approximation of the flow
conditions.
Acoustic studies have shown reduction in sound pressure levels. In the over
expanded condition screech is seen to be eliminated. The change in the shock
structure plays an important role to reduce the sound pressure levels. Also the
Conclusions
enhanced spreading and mixing help to reduce sound intensity. However thrust
augmentation needs to be measured.
8.1 Future Work
Three new nozzle design have been proposed based on the introduction of az-
imuthal profile variation that causes the introduction of streamwise vorticity.
1. Azimuthal variation of divergence angle of the diverging section of the CD
nozzle.The divergence angle may be defined as a function of the azimuthal
angle to obtain various kinds of azimuthal variations including periodic vari-
ations to resemble lobes.
2. Introduction of sharp pin like structures in the diverging section to keep
the area ratios unchanged but change the azimuthal profile od the diverging
section.
3. Introduction of triangluar prismatic structures similar in dimension to the
sharp tips of the ESTS lobed nozzle.
The above designs are not easy to manufacture from a single piece of raw ma-
terial. However (a) can be manufactured using rapid prototyping. At the same
time (b) and (c) may be obtained by easily modifying existing conical nozzles.
These dsigns need to be studied for their feasibilty in mixing enhancement, loss
of stagnation pressure and acoustic benefits. The cases of (a) and (b) present the
least obstrustion to the primary flow and hence should result in the least reduction
in stagnation pressure. The case (c) is a geometrically simplified version of the
ESTS lobed nozzle and hence should show similar characteristics.
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Uncertainty Analysis
The total uncertainty in the measured quantity can be represented in terms of the
individual uncertainties by the equation,
∂P =
√√√√ N∑
n=1
(
∂P
∂xi
.∂xi
)2
A ±5% error is considered due to the optical arrangement, which is a combination
of the arrangement of mirrors and the lens system. Considering an uncertainty of 1
pixel in spatial resolution and tracking in the camera results in a total uncertainty
of 0.816 pixels for 139 pixels. Also assuming a 1 pixel error in 20 mm corresponding
to 139 pixels the resulting error is 0.001 mm/pixel. Hence the uncertainty in
distance measured is 5.08%.
Conclusions
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Appendix B
Image processing code
clear all;
close all;
clc;
c = imread(’Location\Image.jpg’);
c1 = rgb2gray(c);
figure;
imshow (c1);
c2 = (c1<35);
c3 = c2;
figure;
imagesc(~c3);
colormap gray
title(’ BW Image ’);
%B = medfilt2(c1);
%figure;
%imshow (B)
A = medfilt2(c2,[7,7]);
figure;
imshow(A)
title(’ Median Filtered Image ’);
%x = 1000;
%y = 676;
B = zeros(1000,550);
for i = 1:550
for j = 1:1000
if abs(A(i,j+1) - A(i,j)) == 1
Conclusions
B(i,j) = 20;
else B(i,j) = 0;
end
end
end
figure;
imagesc(~B);
colormap gray
title (’BW edge yscan’)
C = zeros(1000,550);
for i = 1:550
for j = 1:1000
if abs(A(i+1,j) - A(i,j)) == 1
C(i,j) = 20;
else C(i,j) = 0;
end
end
end
figure;
imagesc(~C);
colormap gray
title (’BW edge xscan’)
D = B+C;
figure;
imagesc(~D);
colormap gray
title (’BW edge complete’)
E = imfuse(c, D);
figure;
imshow(E)
figure;
F = imcrop(D,[]);
imshow(F)
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figure;
[n,r] = boxcount(F);
loglog(r, n, ’bo-’, r, (r/r(end)).^(-2), ’r--’);
xlabel(’r’)
ylabel(’n(r)’)
legend(’actual box-count’, ’space-filling box-count’);
figure;
boxcount(F, ’slope’)
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Nozzle Part diagrams
Figure 8.1: Part diagrams of Md = 2 nozzles
The Md = 2.4 nozzles are the same as the ones used in Rao (2013)
Conclusions
Figure 8.2: Part diagrams of Md = 2.5 nozzles
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